University of South Florida

Digital Commons @ University of South Florida
Marine Science Faculty Publications

College of Marine Science

2020

A Synthesis of Deep Benthic Faunal Impacts and Resilience
Following the Deepwater Horizon Oil Spill
Patrick T. Schwing
Marine Science, Eckerd College, Saint Petersburg

Paul A. Montagna
Harte Research Institute for Gulf of Mexico Studies

Samantha B. Joye
University of Georgia

Claire B. Paris
University of Miami

Erik E. Cordes
Temple University

See next page for additional authors
Follow this and additional works at: https://digitalcommons.usf.edu/msc_facpub
Part of the Life Sciences Commons

Scholar Commons Citation
Schwing, Patrick T.; Montagna, Paul A.; Joye, Samantha B.; Paris, Claire B.; Cordes, Erik E.; McClain, Craig
R.; Kilborn, Joshua P.; and Murawski, Steven A., "A Synthesis of Deep Benthic Faunal Impacts and
Resilience Following the Deepwater Horizon Oil Spill" (2020). Marine Science Faculty Publications. 1583.
https://digitalcommons.usf.edu/msc_facpub/1583

This Article is brought to you for free and open access by the College of Marine Science at Digital Commons @
University of South Florida. It has been accepted for inclusion in Marine Science Faculty Publications by an
authorized administrator of Digital Commons @ University of South Florida. For more information, please contact
scholarcommons@usf.edu.

Authors
Patrick T. Schwing, Paul A. Montagna, Samantha B. Joye, Claire B. Paris, Erik E. Cordes, Craig R. McClain,
Joshua P. Kilborn, and Steven A. Murawski

This article is available at Digital Commons @ University of South Florida: https://digitalcommons.usf.edu/
msc_facpub/1583

REVIEW
published: 06 November 2020
doi: 10.3389/fmars.2020.560012

A Synthesis of Deep Benthic Faunal
Impacts and Resilience Following the
Deepwater Horizon Oil Spill
Patrick T. Schwing 1* , Paul A. Montagna 2 , Samantha B. Joye 3 , Claire B. Paris 4 ,
Erik E. Cordes 5 , Craig R. McClain 6 , Joshua P. Kilborn 7 and Steve A. Murawski 7
1

Marine Science, Eckerd College, Saint Petersburg, FL, United States, 2 Harte Research Institute for Gulf of Mexico Studies,
Texas A&M University–Corpus Christi, Corpus Christi, TX, United States, 3 Department of Marine Sciences, University
of Georgia, Athens, GA, United States, 4 Department of Ocean Sciences, Rosenstiel School of Marine and Atmospheric
Science, University of Miami, Coral Gables, FL, United States, 5 Biology Department, Temple University, Philadelphia, PA,
United States, 6 Louisiana Universities Marine Consortium, Chauvin, LA, United States, 7 College of Marine Science,
University of South Florida, Saint Petersburg, FL, United States

Edited by:
Stephen C. Landers,
Troy University, United States
Reviewed by:
Thadickal V. Joydas,
King Fahd University of Petroleum
and Minerals, Saudi Arabia
Periyadan K. Krishnakumar,
King Fahd University of Petroleum
and Minerals, Saudi Arabia
*Correspondence:
Patrick T. Schwing
schwinpt@eckerd.edu
Specialty section:
This article was submitted to
Marine Pollution,
a section of the journal
Frontiers in Marine Science
Received: 07 May 2020
Accepted: 07 October 2020
Published: 06 November 2020
Citation:
Schwing PT, Montagna PA,
Joye SB, Paris CB, Cordes EE,
McClain CR, Kilborn JP and
Murawski SA (2020) A Synthesis
of Deep Benthic Faunal Impacts
and Resilience Following
the Deepwater Horizon Oil Spill.
Front. Mar. Sci. 7:560012.
doi: 10.3389/fmars.2020.560012

The Deepwater Horizon (DWH) oil spill significantly impacted the northern Gulf of
Mexico (nGoM) deep benthos (>125 m water depth) at different spatial scales and
across all community size and taxa groups including microbes, foraminifera, meiofauna,
macrofauna, megafauna, corals, and demersal fishes. The resilience across these
communities was heterogeneous, with some requiring years if not decades to fully
recover. To synthesize ecosystem impacts and recovery following DWH, the Gulf of
Mexico Research Initiative (GOMRI) Core 3 synthesis group subdivided the nGoM into
four ecotypes: coastal, continental shelf, open-ocean, and deep benthic. Here we
present a synopsis of the deep benthic ecotype status and discuss progress made
on five tasks: (1) summarizing pre- and post-oil spill trends in abundance, species
composition, and dynamics; (2) identifying missing data/analyses and proposing a
strategy to fill in these gaps; (3) constructing a conceptual model of important species
interactions and impacting factors; (4) evaluating resiliency and recovery potential of
different species; and (5) providing recommendations for future long-term benthic
ecosystem research programs. To address these tasks, we assessed time series to
detect measures of population trends. Moreover, a benthic conceptual model for the
GoM deep benthos was developed and a vulnerability-resilience analysis was performed
to enable holistic interpretation of the interrelationships among ecotypes, resources, and
stressors. The DWH oil spill underscores the overall need for a system-level benthic
management decision support tool based on long-term measurement of ecological
quality status (EQS). Production of such a decision support tool requires temporal
baselines and time-series data collections. This approach provides EQS for multiple
stressors affecting the GoM beyond oil spills. In many cases, the lessons learned
from DWH, the gaps identified, and the recommended approaches for future long-term
hypothesis-driven research can be utilized to better assess impacts of any ecosystem
perturbation of industrial impact, including marine mineral extraction.
Keywords: benthic, Deepwater Horizon, oil spill, impact, resilience, vulnerability, synthesis
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within the deep benthic ecotype including shelf and slope softbottom habitats, methane seeps, and live hard-bottom habitats
including coral reefs and gardens (Ward and Tunnell, 2017).
The Mississippi and Atchafalaya river systems are important
controls for sediment and nutrient delivery to the nGoM system
and the Mississippi Canyon and DeSoto Canyon are important
bathymetric features governing the distribution of benthic fauna
due to their physical structure and focusing of settling detrital
food material (Ward and Tunnell, 2017).
This effort focuses on seven benthic size and taxa groups:
(1) microbiota, (2) benthic foraminifera, (3) meiofauna
(0.044–0.3 mm), (4) macrofauna (0.3–30 mm), (5) megafauna
(>30 mm), (6) deep corals, and (7) demersal fishes. Many
benthic fauna serve as important bioindicators of ecological
health and habitat suitability. There is also legal authority to
include them in the Natural Resource Damage Assessment
(NRDA) in the case of an oil spill within the 200 nautical mile
limit of the United States exclusive economic zone (Oil Pollution
Act [OPA], 1990). Benthic fauna serve vital functional roles in
marine ecosystems. In the context of oil spills, benthic fauna play
particularly important roles in oil bioremediation, carbon storage
and sequestration, and provision of forage for commercially
and recreationally valuable epipelagic fishes and cetaceans
(Danovaro et al., 2008; Levin and Dayton, 2009; Ramirez-Llodra
et al., 2010, 2011; Jobstvogt et al., 2014; Thurber et al., 2014;
Fisher et al., 2016).
The following review provides a synopsis of the DWH oil
spill scenario, the benthic impacts (i.e., changes from baseline),
benthic resilience trajectories (i.e., recovery), the processes
and interactions among groups, a vulnerability and resilience
analysis for the representative benthic groups and provides
recommendations for future research. The impacts and recovery
are identified from existing time-series data (when available)
from pre-DWH, during-DWH, and post-DWH timeframes
versus longer-term trends in the nGoM due to other stressors.
All types of impacts observed, the length of time for each group
to either recover to pre-DWH status or reach a steady state (“new
normal” status), and the references associated with the summary
metrics (Holling, 1973; Gunderson, 2000; Walker et al., 2004) are
summarized (Table 1).

INTRODUCTION
As the global demand for hydrocarbon-based energy sources has
increased and nearshore marine resources have been depleted,
the oil and gas industry has gradually progressed offshore into
deeper waters (Cordes et al., 2016; Murawski et al., 2020).
Deepwater petroleum extraction is a global industry and in
some cases already outpacing shallow water production (Cordes
et al., 2016; Murawski et al., 2020). Significant research has
been undertaken on the prevention, mitigation, environmental
impact, response, and restoration from oil spills since the
Deepwater Horizon (DWH) oil spill in 2010 (Murawski et al.,
2020). Considering the global industrial and environmental
implications, it is important to address the lessons learned from
previous oil spills and their bearing on future development, both
on environmental governance (e.g., baseline establishment prior
to resource exploitation) as well as prevention and mitigation of
future spills. These lessons and best practices are also applicable
to other industrial exploration and production in the deep ocean
such as marine mineral extraction.
To synthesize 10 years of research following the DWH oil
spill, the Gulf of Mexico Research Initiative (GOMRI) organized
groups around several core research themes. The goal of the
GOMRI Core 3 synthesis group was to assess the northern
Gulf of Mexico (nGoM) ecological impact of and resilience to
DWH. For these purposes, the nGoM was divided into four
“ecotypes”: (1) coastal, (2) continental shelf, (3) open ocean,
and (4) deep benthic (Murawski et al., in review A; Murawski
et al., in review B; Patterson et al., in review; Sutton et al.,
in review; this study). The Core 3 synthesis deep benthic
group then assembled the record of species and community
change in the nGoM deep benthic ecotype before, during and
following the DWH oil spill. This synthesis is critical to establish
baseline conditions, provide new understanding on how offshore
ecosystems respond to oil spills, and provide estimates on
recovery from such disturbances. This approach has applicability
anywhere in the world where hydrocarbon exploration and
production occurs.
The Gulf of Mexico is a semi-enclosed marginal sea with
an areal extent of 1.6 million square kilometers bordered by
the United States, Mexico and Cuba (Holmes, 1976). In this
review, the deep benthic ecotype in the nGoM is defined
by water depths greater than 125 m, which is consistent
with industrial deep water (125–1500 m) and ultra-deep water
(>1500 m) zones (Locker and Hine, 2020) and represents
greater than 40% of the Gulf of Mexico seafloor (Gore, 1992).
However, in accordance with ongoing restoration efforts (Open
Ocean Trustee Implementation Group [OOTIG], 2019), we
have also included some mesophotic coral sites, which are
shallower than 125 m (Etnoyer et al., 2016). The portion of
the nGoM deeper than 125 m includes the lower extent of
the continental shelf, slope, abyssal plain and interacts with
multiple water masses including the Caribbean Subtropical
Underwater (<250 m), Tropical Atlantic Central Water (250–
700 m), Antarctic Intermediate Water (600–1000 m), and North
Atlantic Deepwater (>1,000 m; Schroeder et al., 1974; Vidal et al.,
1994; Rivas et al., 2005). There are multiple, distinct habitats
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OIL SPILL SCENARIO
The explosion of the DWH at the Macondo wellhead site
created an oil spill lasting 87 days during the summer
of 2010 releasing a cumulative 4.9 million barrels (one
barrel = 42 gallons = 159 liters) of oil with 3.2 million
remaining in the environment following mitigation efforts
(burning, booming, and dispersant; McNutt et al., 2012; US
District Court, 2015) (Figure 1). There were two primary
pathways for benthic oil exposure. The first was the formation
of subsurface hydrocarbon intrusions, which formed when
emulsified oil (or oil droplets) exiting the broken riser pipe
reached neutral buoyancy before reaching the surface. The
primary intrusion depth was 1000–1300 m water depth, which
impinged directly on benthic habitats along the bathymetric
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slope of the nGoM (Joye et al., 2011; Kessler et al., 2011;
Paris et al., 2012; Romero et al., 2015; Perlin et al., 2020).
The second mechanism, now termed Marine Oil Snow
Sedimentation and Flocculent Accumulation (MOSSFA) is
the enhanced flocculation and sinking of particles containing
petrogenic, pyrogenic, lithogenic, and biological (organic and
inorganic, marine, and terrestrial) sources (Passow et al.,
2012; Ziervogel et al., 2012; Passow, 2014; Brooks et al.,
2015; Romero et al., 2015, 2017; Daly et al., 2016, 2020;
Schwing et al., 2017a, 2020a; Quigg et al., 2020). MOSSFA
resulted in a four-fold increase in bulk sedimentation (Brooks
et al., 2015; Larson et al., 2018), intensification of reducing
conditions for up to 3 years following the oil spill (Hastings
et al., 2016), and a two-three-fold increase in polycyclic
aromatic hydrocarbon (PAH) concentrations (Romero et al.,
2015). Depending on the tracer used (hopane, PAHs, and
radioisotopes, etc.), estimates vary widely on the seafloor
coverage of MOSSFA (1,030–35,425 km2 ) and the proportion
of the total oil budget that was deposited (3.7–14.4%; Valentine
et al., 2014; Chanton et al., 2015; Romero et al., 2015,
2017; Passow and Ziervogel, 2016; Stout and German, 2017;
Schwing et al., 2017a). The diversity indices of the groups
included in this review (with the exception of corals) reach
a maximum at approximately 1,500 m water depth, which
is coincident with the depth of the Macondo wellhead site
(∼1,520 m; Fisher et al., 2016). Considering the extent and

TABLE 1 | A summary of the impact type(s), resilience rates, and associated
reference(s) for each group studied during and post-DWH.
Group

Impact(s)

Resilience

References

Microbes

Community
structure

>2 years

Mason et al., 2014;
Overholt et al., 2019

Foraminifera

Decreased density,
decreased diversity,
opportunistic
community
structure

>3 years

Schwing et al., 2015,
Schwing et al., 2017b,
2018b; Schwing and
Machain-Castillo, 2020

Meiofauna

Increased density,
decreased diversity,
opportunistic
community
structure

>4 years

Montagna et al.,
2017a; Schwing and
Machain-Castillo, 2020

Macrofauna

Decreased density,
decreased diversity,
opportunistic
community
structure

>4 years

Montagna et al.,
2017a; Schwing and
Machain-Castillo, 2020

Megafauna

Decreased density,
Decreased
diversity,
opportunistic
community
structure

>7 years

Mcclain et al., 2019

Corals

Branch loss,
Mortality

10–30 years

Girard et al., 2018

FIGURE 1 | A map of the northern Gulf of Mexico including the surface spatial extent of petroleum (MacDonald et al., 2015) and dispersant application
(Environmental Response Management Application [ERMA], 2020), the locations of the Mississippi River (MR) and Atchafalaya River (AR) terminations, the
Mississippi Canyon (MC) and DeSoto Canyon (DC), and the Deepwater Horizon (DWH; white star).
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of natural seepage and to nearby controls lacking MOSSFA
deposition (Fields and Joye, 2014). The dominant process in
MOSSFA layers was denitrification and sulfate reduction rates
were often below detection (Fields and Joye, 2014). It appears
that microbial activity in MOSSFA layers is not elevated, as
originally anticipated based on the large influx of organic
carbon from the event (Westrich et al., 2020). The microbial
community associated with MOSSFA layers is clearly distinct
from deeper sediments from the same sites and from background
and control sediments (Yang et al., 2016; Westrich et al., 2020).
The perturbation in the community structure appeared to persist
for 2–3 years after relaxing back to a new “steady state.”
Rates of benthic metabolism across the nGoM exhibit
extensive and dramatic heterogeneity (Joye et al., 2004, 2010)
due to the complex nature of organic matter inputs from oil
and gas seepage and from terrestrial inputs, which diminish with
distance from shore, and marine inputs, which are low relative
to seepage inputs locally (Joye et al., 2004). Along the shelf and
upper slope, delivery of terrestrial organic matter, as well as
inorganic nutrients, leads to extremely high rates of sediment
metabolism – up to 55 mmol DIC and 4.4 mmol NH4 + released
m−2 d−1 while up to 20 mmol of O2 m−2 d−1 are consumed
(Rowe et al., 2002). Rates of sulfate reduction along the shelf are
high (Canfield, 1989), but rates of sulfate reduction at oil and gas
seeps are extreme: the highest volumetric rates of sedimentary
sulfate reduction (max = 14 µmol cm−3 d−1 ) in the marine
environment were documented at a Gulf oil seep (Arvidson et al,
2004). While the highest integrated rates of sulfate reduction in
naturally oiled sediments are high (up to 700 mmol m−2 d−1 ;
Joye et al., 2010), rates of sulfate reduction in the MOSSFA layer
of sediments in the vicinity of the DWH wellhead were extremely
low (<1 mmol m−2 d−1 ; Fields and Joye, 2014; Westrich et al.,
2020). Orcutt et al. (2017) assessed microbial metabolic rates
in situ at a Gulf cold seep, GC600 showing that addition of
weathered oil stimulated sulfate reduction rates to levels rivaling
those documented in oily cold seep sediments (Bowles et al.,
2010). The results of Orcutt et al. (2017) suggest that oil alone
does not inhibit activity, rather the rapid deposition or some
aspect of the sedimenting material instead suppressed sulfate
reduction activity (Westrich et al., 2020).

concentration of MOSSFA-related oil deposited on the seafloor,
it is logical then to evaluate the impacts and responses of
benthic communities.

IMPACTS AND RECOVERY
TRAJECTORIES OF KEY ECOTYPE
RESOURCES
Microbiota
Deepwater Horizon was the first major oil spill for which
genomics was applied over large spatial and temporal scales
(Joye and Kostka, 2020; Kostka et al., 2020). Using these
approaches, microbial communities were determined to be
predominantly (90%) oil degrading species in areas exposed
to hydrocarbons (Kleindienst et al., 2016). There was also
a succession of microbial blooms with species adapted to
degrade specific types of petroleum compounds in the water
column and in surface sediments (Kleindienst et al., 2016;
Yang et al., 2016a,b; Kostka et al., 2020). Alphaproteobacteria
(Roseobacter) were predominant in surface sediments collected
in September 2010 (Yang et al., 2016b). Yang et al. (2016b)
initially suggested the presence of sulfate reducing families
(Deltaproteobacteria) in October 2010 was indicative of MOSSFA
stimulating microbial metabolism in sediments. Cycloclasticus,
a hydrocarbon-degrading genus found in surface oil slicks and
subsurface intrusions, was also dominant in surficial sediments
in October-November 2010 (Yang et al., 2016b) contrasting with
pre-DWH observations (March 2010, Yang et al., 2016a).
Mason et al. (2014) found enriched Gammaproteobacterium
and Colwellia species at the most heavily oil-impacted benthic
sites, which were similar to those found in the subsurface
intrusion, potentially fueled by nitrogen availability, and
hydrocarbon induced mortalities on more sensitive species.
Overholt et al. (2019) utilized sediment collections from 2012 to
2015 to characterize microbial communities for 29 sites (>700
samples) throughout the nGoM. By comparing these records
to samples collected prior to, and just following DWH impacts
(Mason et al., 2014), it was evident that sedimentary microbial
communities impacted by DWH returned to near baseline
conditions (e.g., at the class level of organization) within 2 years
(Table 1). Overholt et al. (2019) also developed a predictive
microbial model leveraging geospatial and environmental
variables to aid future oil spill response and mitigation efforts.
During surveys of the wellhead area in 2010 and 2014,
extensive areas impacted by MOSSFA were observed in
submersible ALVIN (Joye et al., 2014; Yang et al., 2016a).
The relative abundance of Deltaproteobacteria (Yang et al.,
2016b) was lower in these samples and the relative abundance
of Alphaproteobacteria and Planctomycetes was higher relative
to abundances observed in the November 2010 samples.
Sediment microbial community composition was extremely
variable from site to site and over time, likely reflecting the
heterogeneous nature of MOSSFA deposition (Westrich et al.,
2020). Likewise, sediment metabolic rates, especially sulfate
reduction, in MOSSFA layers were low compared to areas

Frontiers in Marine Science | www.frontiersin.org

Benthic Foraminifera
Benthic foraminifera are sensitive and diverse bioindicators of
aquatic petroleum exposure (Morvan et al., 2004; Mojtahid
et al., 2006; Denoyelle et al., 2010; Brunner et al., 2013; Lei
et al., 2015). Following DWH, there was an 80–93% decrease
in density and a 30–40% decrease in species diversity of
benthic foraminifera at oil-impacted sites (Schwing et al., 2015;
Schwing et al., 2017b). The assemblages were predominantly
high-organic material flux and low oxygen tolerant species
(e.g., Bulimina aculeata, Globocassidulina subglobosa) consistent
with the conditions associated with a MOSSFA event (Schwing
et al., 2017b). Following the initial decrease in 2010–2011,
benthic foraminifera density and diversity increased from 2011
to 2014 and reached a steady state 5 years after the DWH
oil spill (Schwing et al., 2018a). However, for many sites,
the assemblages remain (as of 2018) significantly different
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2015). In 2011, meiofaunal richness was lower (28.5%) in the
impacted (10 taxa/sample) areas than the surrounding reference
(14 taxa/sample) areas (Montagna et al., 2017a). As of 2014,
meiofaunal taxa richness remained lower in the impacted areas
(7.6 taxa/sample) versus the reference areas, suggesting that a
full recovery had not occurred as of 4 years after the DWH
(Reuscher et al., 2017).
For meiofauna, data from the Northern Gulf of Mexico
Continental Slope Study (NGOMCSS, Pequengnat et al., 1990),
the Deep Gulf of Mexico Benthos Program (DGoMB; Baguley
et al., 2006; Rowe and Kennicutt, 2009), and post-DWH,
the NRDA (Montagna et al., 2013; Reuscher et al., 2017)
were combined to create a long-term (decadal) time series
(Supplementary Figure 3 and Supplementary Table 3). Shannon
diversity has decreased and the nematode:copepod ratio has
increased continuously in the nGoM since the 1980’s, which were
consistent with a long-term decreasing ecological quality status
(EQS) unrelated to DWH. However, there was also a noticeable
additional decrease in evenness and increase in abundance in the
post-DWH collections, which was consistent with an increase in
opportunistic taxa related to DWH-related stressors.

than those prior to DWH (Schwing and Machain-Castillo,
2020; Schwing et al., 2020b). At the Macondo wellhead site
and to the east near DeSoto Canyon, the predominant taxa
(Uvigerina spp. and Bolivina spp.) were tolerant of high
organic carbon deposition; these taxa were different than
those documented prior to DWH (Schwing and MachainCastillo, 2020; Schwing et al., 2020b). The benthic foraminiferal
tests (shells) carbon isotopic composition was depleted in
δ13 C, relative to background, for up to 2 years following
DWH (Schwing et al., 2018b; Schwing and Machain-Castillo,
2020). This isotopic signal suggests carbon uptake from oil,
possibly caused by increased organic carbon flux due to
MOSSFA (Schwing et al., 2018b). The depleted carbon signal
in benthic foraminiferal tests (2010–2012) was preserved below
surface sedimentary layers and likely represents the most
robust tracer for long-term preservation of the MOSSFA
signal in the sedimentary record (Schwing et al., 2018b;
Schwing and Machain-Castillo, 2020).
Total foraminifera counts and short-lived radioisotope dates
were utilized to construct a long-term (decadal) time series
(Supplementary Figure 1 and Supplementary Table 2) of
foraminifera richness, Shannon diversity and evenness (Brooks
et al., 2015; Larson et al., 2018; Schwing et al., 2018a). With
the exception of one site (SW01), the benthic foraminifera
richness, Shannon diversity, and evenness decreased slightly in
2010 and returned to pre-DWH values within 3 to 5 years,
which is consistent with the findings of Schwing et al. (2018a).
Despite the return to pre-DWH diversity indices, as revealed
in PERMANOVA tests (methods in Supplementary Material),
the post-DWH (2011–2015) benthic foraminifera assemblages
were significantly different than the pre-DWH (1977–2009)
assemblages (Supplementary Figure 2). At site SW01, which
is located approximately 90 km southwest from the DWH
wellhead, there was a continuous downward trend in all diversity
indices beginning in 2010, which had not returned to pre-DWH
values as of 2015.

Macrofauna
Macrofauna range from 300 µm to 30 mm in size and are
dominated by Polychaeta (worms), Crustacea (shrimp), and
Mollusca (clams, snails; Montagna and Girard, 2020). Moderate
to severe impacts to macrofaunal density (impacted: 7,000 n/m2 ,
reference: 8,600 n/m2 ) and diversity (N1, impacted: 11, reference:
17) were assessed following the DWH throughout an area
of about 148 km2 and 24 km2 , respectively, surrounding
the wellhead (Montagna et al., 2013, 2017a). Macrofaunal
diversity fell below background values in the impacted area
(up to 29 km away from the wellhead) and crustaceans were
observed to be the most sensitive to oil residue exposure
(Washburn et al., 2016). Abundance increased (impacted:
11,800 n/m2 , reference: 8,900 n/m2 ) within a 1 km radius of
the wellhead in 2011, due primarily to opportunistic polychaetes
(Family Dorvilleidae; Washburn et al., 2017). Throughout
the remainder of the impacted area, macrofaunal richness,
and diversity remained 22.8% (impacted: 20 taxa/sample,
reference: 26 taxa/sample) and 35.9% (N1, impacted: 11,
reference: 18) lower, respectively, than reference areas in 2011
(Montagna et al., 2017a). As of 2014, much like meiofaunal
taxa richness, macrofaunal taxa richness remained lower in
the impacted (25 taxa/sample) areas versus the reference
(30 taxa/sample) areas, suggesting that a full recovery had
not occurred as of 4 years after the DWH (Reuscher
et al., 2017). Overall, macrofauna and meiofauna richness
and abundance indicate a more disturbed environment in a
broad area surrounding the DWH site in the nGoM from
pre- to post-DWH (Schwing et al., 2020b). Also, taking into
account the average sediment accumulation rates, oil residue
degradation rates, and metabolic rates it may take between 50
and100 years to fully bury and/or degrade DWH-contaminated
sediment below macrofaunal bioturbation depths, thus allowing
a full recovery of benthic species diversity and abundance
(Montagna et al., 2017a).

Meiofauna
The operational definition of meiofauna for Gulf of Mexico
studies ranges from 43 to 300 µm (Montagna et al., 2017b), but
many other deep-sea studies use a lower limit of 32 µm (Giere,
2009), or 20 µm (Danovaro, 2010). Nematoda and Harpacticoida
(crustacean) are the dominant taxa in this group (Montagna
and Girard, 2020). Moderate to severe impacts to meiofaunal
density (impacted: 3,474 n/cm2 , reference: 1,235 n/cm2 ) and
diversity (N1, impacted: 1.17, reference: 2.27) were assessed
following the DWH over an area of about 148 km2 and 24 km2 ,
respectively, surrounding the wellhead (Montagna et al., 2013;
Baguley et al., 2015). Higher meiofaunal densities at impacted
sites were due to opportunistic taxa (e.g., nematodes; Baguley
et al., 2015). Montagna et al. (2013) correlated these impacts
to sedimentary total petroleum hydrocarbons (TPH), PAHs,
and barium concentrations. Using a common indicator of
pollution, the nematode:copepod ratio (higher n:c ratio = greater
impact; Shiells and Anderson, 1985) across a larger area
(172–310 km2 ), high impacts surrounding the wellhead were
documented (N:C, impacted: 72.4, reference: 8.0; Baguley et al.,

Frontiers in Marine Science | www.frontiersin.org

5

November 2020 | Volume 7 | Article 560012

Schwing et al.

Deepwater Horizon Benthic Synthesis

be caused by the attraction of crustaceans to hydrocarbons
mimicking natural chemical cues (Kittredge, 1973).

For macrofauna, data from the NGOMCSS (Gallaway 1988),
DGoMB (Haedrich et al., 2008; Rowe and Kennicutt, 2009), and
post-DWH (Montagna et al., 2013; Washburn et al., 2017) were
used to create a long-term (decadal) time series across the Gulf
of Mexico deep softbottom habitats (Supplementary Figure 4).
With the exception of site MT1, there was a gradual increase in
macrofauna abundance and gradual decrease in evenness over
the entire record (1982–2014). These changes were similar to
the meiofauna records, which were consistent with a long-term
decreasing EQS unrelated to DWH. There was also a decrease in
Shannon diversity beginning in 2010 and continuing through the
latest collections (2014), which was also consistent with ongoing
impact from DWH.

Corals
An initial survey of deep-sea corals, funded by the Bureau of
Ocean Energy Management (BOEM) and the National Oceanic
and Atmospheric Administration (NOAA) Office of Ocean
Exploration and Research (OER), was performed in October
2010, 3 months after the DWH wellhead was capped. This survey
was focused on healthy coral colonies throughout the northern
Gulf, but also found a previously unknown coral community
near Mississippi Canyon (MC294), which was visibly impacted
by flocculent material containing both oil and dispersant (White
et al., 2012, 2014; DeLeo et al., 2015). Visible impacts (e.g.,
mucous strands, loose tissue, and bare skeleton) from oiled
flocculent material were assessed by examination of digital
imagery for Paramuricea biscaya, Paragorgia regalis, and Swiftia
pallida (White et al., 2012; DeLeo et al., 2018; Montagna and
Girard, 2020). ROV surveys performed in 2011 as part of the
NRDA (Fisher et al., 2014a,b) identified two additional coral
sites (MC297, MC344) near (6–20 km) the DWH wellhead
from 1,560 to 1,850 m water depth as also being visibly
impacted by oiled flocculent material. The observed impacts were
primarily associated with P. biscaya, including patchy tissue death
attributed to microdroplets of oil and dispersant or marine oil
snow, and hydrozoan colonization (Fisher et al., 2014b).
Following the initial discovery and documentation of
impacted corals at deeper sites, additional work focused on
mesophotic (<100 m depth) coral banks between Louisiana
and Florida. Multiple species of octocorals exposed to elevated
hydrocarbon concentrations presented visible signs of colony
injury, including tissue and branch loss (Silva et al., 2015).
Impacts at the Alabama Alps site, Roughtongue Reef, and
Yellowtail Reef of up to 50% were documented in the coral
colonies and the rate of injury was approximately 10 times that
of the same sites compared to pre-spill conditions (Etnoyer et al.,
2016). In a follow-up survey in 2014, the majority of injured coral
colonies marked in 2011 continued to decline in health, with little
obvious signs of recovery (Etnoyer et al., 2016).
In 2012, most corals at the deeper sites (MC294, MC297,
and MC344) were still impacted, but the level of impact had
decreased from the 2010 and 2011 surveys and the recovery
rate was determined to be dependent on the level of initial
impact (Hsing et al., 2013; Montagna and Girard, 2020). Visible
impacts, including branch loss, remained higher at these sites
than reference sites through 2017 (Girard and Fisher, 2018;
Montagna and Girard, 2020). According to model results based
on branch loss/growth from 2010 to 2017, most impacted corals
may take up to 30 years to recover to a state where all remaining
branches appear healthy and are projected to reach a pre-DWH
status (with some unhealthy branches) within 10 years (Girard
et al., 2018). However, overall branch loss within that time period
accounts for a 10% reduction in biomass at the impacted sites
(Girard et al., 2018). Due to branch loss and the extremely
slow growth rates of some corals (e.g., P. biscaya = 0.14–
1.2 cm/year/colony), the colonies at site MC294 are expected to
achieve their original size (pre-DWH) in over 50 years on average

Megafauna
There were very limited surveys that included benthic megafauna
in deep waters of the nGoM following DWH. Valentine and
Benfield (2013) performed remotely operated vehicle (ROV)
megafauna (>30 mm) surveys in August and September 2010
at 2,000 m (north, west, south, and east) and 500 m (north)
of the wellhead. They were challenged to quantify impact
and response due to the limited baseline measurements of
megafauna (e.g., Chaceon quinquedens, Nematocarcinus, Venefica
procera, Dicrolene spp., Synaphobranchus spp., Halosauridae,
Bathypterois quadrifillis, Cerianthid anemone) and associated
physicochemical parameters in the area prior to DWH. Lowest
species richness and abundances were measured at the sites
located at 500 m north and 2,000 m south of the wellhead,
which is consistent with hydrocarbon concentrations that were
determined to be sufficiently high to cause mortality and/or
emigration (Valentine and Benfield, 2013). Valentine and Benfield
(2013) also documented widespread pyrosome and salp carcasses,
indicating that planktonic assemblages up to 2,000 m away from
the wellhead were impacted.
Mcclain et al. (2019) performed similar ROV surveys in June
2017 at the DWH wreckage site, wellhead site, the 500 m north
and 2,000 m south sites from Valentine and Benfield (2013),
and four other control sites throughout the nGoM. There was
still considerable degradation at the DWH wreckage, wellhead,
500 m north and 2,000 m south sites 7 years after DWH
(Mcclain et al., 2019). The impacts observed included lower
species diversity, higher homogeneity among assemblages, and
abnormal population densities (Mcclain et al., 2019). Employing
multivariate analysis techniques PERMANOVA, PERMDISP,
and Canonical Analysis of Principle Coordinates (methods
described in Supplementary Material) we found 4.5-times lower
dispersion between sites in 2017 than in 2010, consistent with
the hypothesis and information that community homogenization
(similarity in composition and abundance between sites) is a
consequence of DWH pollution as described by Mcclain et al.
(2019) and consistent with reduced resilience from 2010 to
2017 (Supplementary Figure 5 and Supplementary Table 4).
Arthropod abundance (e.g., red shrimp Nematocarcinus, white
caridean Glyphocrangon shrimp, and C. quinquedens) at the
DWH wreckage site was more than 7-times higher than the
background sites (Mcclain et al., 2019). Mcclain et al. (2019)
explain that this abnormally high abundance may potentially
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FIGURE 2 | A conceptual model of the benthic ecotype including the major groups, the interaction amongst the groups the interaction between groups and
environmental controls, food sources and/or stressors [e.g., hydrocarbon (HC) toxicity], and processes within the benthic ecotype (panels A–D) and among the other
ecotypes (panels E–H) for four time periods: (1) pre-DWH, (2) during DWH, (3) post-DWH 1–2 years, and (4) post-DWH 3–10 years. The pre-DWH model is modified
from Rowe and Kennicutt (2009). Processes not discussed in the text are: “flux by fin” (Nelson et al., 2012), high molecular weight (HMX) hydrocarbons from
petroleum seeps (MacDonald et al., 2015).

with some individual colonies requiring more than 100 years to
recover (Girard et al., 2019; Montagna and Girard, 2020).
A model of Paramuricea population growth estimated
recruitment to occur at approximately 10–20 individuals per
year per site, but recruitment was also estimated to be highly

Frontiers in Marine Science | www.frontiersin.org

variable and patchy (Doughty et al., 2014). Doughty et al. (2014)
also estimated 40–50% mortality in the youngest size classes in
the model and mortality declining to less than 1% in colonies
over 20–30 cm. Assuming that larvae are capable of colonizing
and surviving to maturity at existing sites, estimates of growth
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FIGURE 3 | The benthic ecotype Vulnerability-Resilience matrix (A) including designations for taxa within each group as high, medium or low vulnerability and
resilience and a summary (B) of the benthic ecotype Vulnerability-Resilience matrix with gray polygons indicating the locations on the matrix where representative
taxa from each group are located. A table of these designations and their associated references is provided in Supplementary Table 1.

that range between 0.03 and 0.2 cm year−1 (Prouty et al.,
2016) suggest that it would take 100 to over 600 years for a
colony to reach 20 cm, corresponding to the smallest size classes
measured at the impact sites. Therefore, recovery of sites that
require complete replacement of entire colonies would require
centuries to complete.

(In Prep) and Patterson et al., (In Prep). Benthic-dependent fish
species are diverse; the majority having meroplanktonic larval
stages (Limouzy-Paris et al., 1994; Powell et al., 2017). Cusk eels
(Family Ophidiidae), a major and representative component of
the benthic fish community of the nGoM are bottom dwelling,
living in the surface sediments with a pelagic larval stage. Their
larval stages are cod-like and are ranked quite high (#14 over a
range of 1–86.5) in both frequency of occurrence and abundance
in plankton samples from the upper 100 m of the water column,
which makes them an important benthic resource and direct

Fishes
Deepwater Horizon impacts on the majority of benthicdependent and demersal fish species are described in Sutton et al.,
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corals and megafauna were observed (White et al., 2012, 2014;
Montagna et al., 2013; Valentine and Benfield, 2013; Mason
et al., 2014; Schwing et al., 2015; DeLeo et al., 2018). Following
DWH (1–2 years: Figures 2C,G), hydrocarbon toxicity remained
elevated, surface sedimentary oxygen concentrations decreased,
burial of petroleum carbon was initiated and unconsolidated
flocculent material containing oil residue was re-suspended,
causing changes in microbial, meiofaunal and macrofaunal
community structure, and sub-lethal effects in corals and
megafauna (Hsing et al., 2013; Montagna et al., 2013; Valentine
and Benfield, 2013; Mason et al., 2014; Romero et al., 2015;
Silva et al., 2015; Hastings et al., 2016; Yang et al., 2016;
Schwing et al., 2017b, 2018a). From three-to-ten years after the
DWH (Figures 2D,H), re-suspension of oil residue continued
and changes in community structure were found in microbiota
and meiofauna (Reuscher et al., 2017: Diercks et al., 2020;
Westrich et al., 2020). By this time period, some meiofauna,
specifically foraminifera, had reached a steady state (Schwing
et al., 2018a), but sub-lethal effects remained in macrofauna,
corals, and megafauna (Washburn et al., 2016, 2017; Reuscher
et al., 2017; Girard and Fisher, 2018; Mcclain et al., 2019).

coupling from benthic to the pelagic system (Limouzy-Paris
et al., 1994; Mann et al., 1997). They spend the majority of their
time near the seafloor or burrowed within the sediment (Mann
et al., 1997). While Ophidiidae were included in some megafauna
surveys (e.g., Mcclain et al., 2019), their status prior to DWH
for the majority of the nGoM and any subsequent impact was
understudied. It is likely that Ophidiidae habitat in the deep
benthos was impacted by the deposition of MOSSFA material,
considering its spatial coverage in the deep benthos of the nGoM.

CONCEPTUAL MODEL OF KEY
ECOLOGICAL GROUPS IN RELATION TO
THE DEEPWATER HORIZON OIL SPILL
The DWH had both broad spatial scale and long-term
consequences for many groups in the benthic ecotype. As
recommended by Peterson et al. (2003) following the Exxon
Valdez oil spill, it is important to attempt to connect the
various responses of these size and taxa groups within the
benthic ecotype and among other ecotypes (open ocean,
continental shelf, and coastal) to prepare for assessing and
managing future perturbations. One way to do this is via
conceptual models, or summary process graphics, which
account for the major ecological groups, their interactions
(predation, scavenging, and bactivory, etc.), the interaction
between groups and environmental controls, food sources,
and/or stressors (particulate/dissolved organic matter, deadfalls,
and hydrocarbon seeps, etc.) via deposit feeding, lysis and
dissimilation, assimilation, and chemotrophy. The model
presented here (Figure 2) is presented over four time periods:
(1) pre-DWH, (2) DWH, (3) post DWH 1–2 years, and (4)
post-DWH 3–10 years. These time periods were chosen to be
consistent with other syntheses describing the transport and fate
of oil residues (Overton et al., in prep). The pre-DWH model of
associations within the deep benthic ecotype is based on GoM
interaction diagrams from Rowe (2017) and Rowe and Kennicutt
(2009), which employ comparable state variables in each
group including density, biodiversity and species composition.
The conceptual model presented herein accounts for fluxes
(arrow thickness), increased abundance/activity/respiration
(emboldened reservoirs), lethal and sub-lethal effects (red
and yellow coloration, respectively), steady-state (green
outline), and changes in community structure (blue outline).
This conceptual model is reflective of changes observed in
the literature cited above in most cases. The exceptions,
due to gaps in observation, are the assumed decrease in
predation and diminished respiration between the benthos and
the water column.
During the DWH (Figures 2B,F) MOSSFA and hydrocarbon
intrusions ultimately caused an increase in particulate organic
carbon flux (“marine snow”), advected detritus and dead
falls as inputs to the benthic system (Paris et al., 2012;
Valentine and Benfield, 2013; Romero et al., 2015; Lindo-Atichati
et al., 2016). Certain microbial and chemotrophic communities’
mineralization rates increased, lethal effects to meiofauna
(specifically foraminifera) and sub-lethal effects to macrofauna,
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VULNERABILITY-RESILIENCE
ANALYSES
To prepare for trade-off analyses in response to future oil spills,
we performed a vulnerability-resilience (V-R) analysis for deep
benthic ecotype synthesis group. The V-R analysis presented
here (Figures 3A,B) was based on productivity and susceptibility
analysis (Arrizabalaga et al., 2011; Murawski et al., in review
A) and adapted for vulnerability and resilience assessment
(Lange et al., 2010) to best characterize the deep benthic system
impact and response following DWH. The V-R analysis utilizes
predetermined attributes to assess the vulnerability of a group or
taxa to a specific insult and its resilience. A matrix was developed
based on these rankings along two axes: (1) a vulnerability axis
based on the overlap of oiled sedimentation with the distribution
of a specific taxa and the sensitivity of that taxa to oil toxicity and
(2) a resilience axis based on the productivity, connectivity with
other taxa, and level of decline of a specific taxa. Based on these
attributes, each taxa for which observations were available was
placed in the matrix based on a low, medium or high ranking
in both the vulnerability and resilience categories (Figure 3 and
Supplementary Table 1). The V-R analysis ultimately assesses
potential vulnerability of deep benthic resources to oil spills by
comparing relative risk among populations and has the potential
to alert managers to taxa or populations that are more likely to
be sensitive to oil spills in general. This approach is particularly
useful as a hypothesis-testing tool for the deep benthic ecotype
because it is generally data-poor and there are highly variable
levels of data richness among the various groups. The placement
of each population on the matrix can be supported, tested and
uncertainty assessed by existing literature (or lack thereof). This
approach is also useful to identify gaps in existing knowledge
and has the potential to support the design of response efforts
and NRDA surveys in different settings. The analysis ultimately
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upon which to focus these efforts and provide recommendations
on the design of such efforts.
There have been a few previous efforts to summarize the
implications of existing long-term research programs for their
utility in oil spill effects assessment. The BOEM organized the
Gulf of Mexico Workshop for International Research, reporting
on ongoing, long-term research efforts (McKinney et al., 2019).
The Ocean Conservancy also produced a report that includes
ongoing long-term research projects in the GoM that include
deep benthic collections and surveys (Love et al., 2015).
Similar descriptions of relevant research exist elsewhere. For
example, the European Water Framework Directive (European
Union Water Framework Directive [EUWFD], 2000) established
a legal framework in which water bodies are defined by their
EQS and must meet certain requirements, or the governing body
must identify the pollution source and take action to remediate
(Borja et al., 2004a,b). The EQS standards include physicochemical, hydromorphological, and biological categories. One
successful outcome of this directive was the development of an
EQS measurement tool, the AZTI marine biotic index (AMBI;
Borja and Muxika, 2005). AMBI utilizes benthic invertebrates,
typically macrofauna and/or foraminifera (Alve et al., 2016;
Jorissen et al., 2018) to produce an easily measured, simple
to communicate, and cost effective decision support tool (Rees
et al., 2006). The development of a GoM-wide, foraminiferabased AMBI is already underway (O’Malley et al., 2020) and
with input from resource managers, would provide an easily
operationalized tool to interpret benthic habitat suitability and
ecological health status.
Considering the areas affected by DWH and the ongoing oil
and gas exploration and production in the GoM, there are several
areas that are important to include in future long-term research
efforts. The first is the Perdido field in the west-central GoM
along the United States-Mexico border where current petroleum
exploration is occurring as deep as 3,000 m water depth and
where there are few baseline measurements of the status of the
benthic fauna. The importance of including the Perdido field
in future research efforts is primarily to coordinate, in advance,
the multinational response effort that would be necessary in
the case of a spill in that area. In the eastern GoM, there is
currently a moratorium on energy development, but a likely
area of development in the future is the Norphlet play, in the
East-central GoM near the Florida escarpment (Reid, 2014). The
importance of this area for inclusion in future research efforts
is primarily to establish baselines prior to any development of
energy resources in this area. Following the DWH, the DeSoto
Canyon and Mississippi Canyon were identified as biologically
important areas that also acted as focusing mechanisms for
MOSSFA (Rowe and Kennicutt, 2009; Schwing et al., 2017a). It
is important to continue ongoing research efforts in these areas
to disentangle the effects of ongoing petroleum exploration and
DWH from other chronic stressors, particularly to document the
pace of long-term recovery. Finally, the Campeche Canyon in the
southern GoM, which is located just north of Laguna Terminos
and the petroleum production exclusion zone in the Cantarell
field, has also been identified as a biologically sensitive area
(Machain-Castillo et al., 2019) and is analogous to the canyons

evaluates the relative risk to ecosystem components for an oil spill
with characteristics similar to DWH in the nGoM.
To streamline the results of the V-R analysis, a summary
figure of the distribution of each group on the V-R matrix
is also presented (Figure 3B). Overall, there is a transition
from the bottom left of the matrix (low vulnerability, high
resilience) to the top right of the matrix (high vulnerability,
low resilience) with increasing organism size (e.g., microbes
to megafauna). This transition is likely a result of the slower
growth rates, slower community turnover, and longer lifespan of the fauna. The coral group is widely distributed with
representative taxa ranging from low to high vulnerability and
resilience due to the disparity in abundance, range size, and
longevity of the different species; information that was primarily
obtained after the DWH. The demersal fish group is represented
only by the Family Ophidiidae (cusk eels) family (43 species),
which have been classified as medium vulnerability (overlap
of habitat with MOSSFA) and medium resilience, based on
their size and relatively short lifespan of 2–3 years (Retzer,
1991). This analysis has also shed light on many gaps in
the assessment of the deep benthos. First and foremost, there
were only two surveys of deep benthic fishes and megafauna
following DWH with 7 years between the surveys (Valentine and
Benfield, 2013; Mcclain et al., 2019) and no direct comparative
studies prior to DWH. The temporal resolution and lack of
baseline severely limited the ability to assess resilience and
vulnerability for these two groups. The deep benthic ecotype,
as a whole, is relatively data-poor and warrants better spatial
and temporal coverage to establish long-term trends in multiple,
chronic biotic controls upon which episodic stressors may
be superimposed.

FUTURE RESEARCH
RECOMMENDATIONS AND SYNTHESIS
STATEMENTS
Future Research Recommendations
Parker and Wiens (2005) argue that long-term hypothesis–
driven research is the only way in which to responsibly assess
vulnerability and resilience of a given system. They argue that
ecological assumptions about the system in question affect the
assessment of recovery following an incident. This argument
is supported by the presentation of four cases: (1) steady state
equilibrium, which is a basic model in which the system has
not been unduly perturbed, (2) spatial equilibrium, where a
system’s recovery potential is based on a return of EQS with
respect to a reference area, (3) dynamic equilibrium, where
the reference and impacted areas have a different EQS but
the same temporal dynamics, and (4) highly variable, where it
is possible to mistakenly assess recovery or continued impact
due to the lack of knowledge about the natural variability of
the system (Parker and Wiens, 2005). With this in mind, it
is important to identify existing long-term programs, develop
robust decision-making tools that can be utilized by natural
resource managers, and identify important areas of the GoM
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contaminant levels and documented impacts. Experimental
culturing studies under appropriate concentrations and
pressure are needed to improve organic contaminant
targets for monitoring.
• More
comprehensive
environmental
assessment
(funding for baseline measurement) prior to
exploration/exploitation is necessary.
• Long-term, hypothesis driven studies are needed to
extricate DWH and future oil spill impacts and
recovery trajectories from other stressors. Longer-term
funding periods should be commensurate with benthic
faunal growth rates, turnover and predicted length of
recovery time.

in the northern GoM with respect to MOSSFA focusing during
past (Ixtoc 1) and future spills.
Several recommendations for future long-term research
programs will build from the success of the approaches employed
during and following, and the gaps identified since DWH. Future
long-term research programs must address communities that
are important to management such as economically important
taxa and/or keystone and indicator taxa. It is also important to
focus on oil spill preparedness in the context of other stressors
and perturbations (Parker and Wiens, 2005). Recognizing that
long-term, hypothesis-driven research programs are not simply
monitoring efforts, but allows testing models of system resiliency
(Table 1 and Figure 2), has important implications for future
damage assessments in the case of an oil spill. Long-term
research programs can account for and report trade-offs for
petroleum extraction locations and oil spill response. In fact, the
only way to quantify trade-offs is by accumulating an adequate
information base from long-term research efforts. Future longterm research efforts must also take into account habitat
degradation and recovery rates as primary metrics (Danovaro
et al., 2020). Finally, long-term research efforts can help
tailor improved pollution abatement and resource protection
strategies for threats resulting from ongoing discharges, temporal
restrictions necessary to protect primary reproductive periods,
and adequate spatial management practices (Cordes et al., 2016).
These recommendations also align with overarching goals of the
United Nations Ocean Decade of Ocean Science for Sustainable
Development (2021–2030) which are to (1) identify, quantify and
remove pollutants to provide a clean ocean, (2) measure multiple
impacts to provide a resilient ocean, and (3) increase capacity
to understand current and future ocean conditions to provide a
predicted ocean (Ryabinin et al., 2019).
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• Avoidance of toxic petroleum residues was not possible
for non-motile benthic organisms during an oil spill
of DWH magnitude.
• The response of deep benthic communities was a spatially
and temporally variable and some communities have not
recovered as of 10 years after the DWH spill.
• Overall, larger organisms require longer to recover, which
is likely due to increased lifespan and slower community
growth rates (Table 1 and Figure 3).
• Although some communities have reached steady state
since DWH, not all of these returned to the pre-DWH state.
• Considering sediment accumulation rates, hydrocarbon
residue degradation rates and bioturbation depths, it may
take 50–100 years to fully bury DWH contaminants and
achieve a full recovery.
• Traditional effect levels based on shallow-water studies
do not explain the relationship in the deep sea between

Frontiers in Marine Science | www.frontiersin.org

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmars.
2020.560012/full#supplementary-material

11

November 2020 | Volume 7 | Article 560012

Schwing et al.

Deepwater Horizon Benthic Synthesis

REFERENCES

Danovaro, R., Gambi, C., Dell’Anno, A., Corinaldesi, C., Fraschetti, S., Vanreusel,
A., et al. (2008). Exponential decline of deep-sea ecosystem functioning linked
to benthic biodiversity loss. Curr. Biol. 18, 1–8. doi: 10.1016/j.cub.2007.11.056
DeLeo, D. M., Lengyel, S. D., Quattrini, A. M., Kulathinal, R. J., and Cordes,
E. E. (2018). Gene expression profiling reveals deep-sea coral response to the
Deepwater Horizon oil spill. Mol. Ecol. 27, 4066–4077. doi: 10.1111/mec.14847
DeLeo, D. M., Ruiz-Ramos, D. V., Baums, I. B., and Cordes, E. E. (2015). Response
of deep-water corals to oil and chemical dispersant exposure. Deep Sea Res. II
Top. Stud. Oceanogr. 129, 137–147. doi: 10.1016/j.dsr2.2015.02.028
Denoyelle, M., Jorissen, F. J., Martin, D., Galgani, F., and Mine, J. (2010).
Comparison of benthic foraminifera and macrofaunal indicators of the impact
of oil-based drill mud disposal. Mar. Pollut. Bull. 60, 2007–2021. doi: 10.1016/j.
marpolbul.2010.07.024
Diercks, A. R., Harris, A., Doiron, N., Chanton, J. P., Bosman, S., Brooks, G. R.,
et al. (2020). “Resuspension and Redistribution of Sediments in the Deep
Gulf of Mexico-a Laboratory Sed-Flume Study,” in Proceedings of the 2020
Gulf of Mexico Oil Spill and Ecosystem Science Conference, Session OS-020-011,
Tampa, FL.
Doughty, C. L., Quattrini, A. M., and Cordes, E. E. (2014). Insights into the
population dynamics of the deep-sea coral genus Paramuricea in the Gulf of
Mexico. Deep Sea Res. II Top. Stud. Oceanogr. 99, 71–82. doi: 10.1016/j.dsr2.
2013.05.023
Environmental Response Management Application [ERMA] (2020). ERMA
Deepwater Gulf Response Web Application. Seattle, WA: ERMA.
Etnoyer, P. J., Wickes, L. N., Silva, M., Balthis, L., Salgado, E., and Macdonald, I. R.
(2016). Decline in condition of gorgonian octocorals on mesophotic reefs in the
northern Gulf of Mexico: before and after the Deepwater Horizon oil spill. Coral
Reefs 35, 77–90. doi: 10.1007/s00338-015-1363-2
European Union Water Framework Directive [EUWFD] (2000). Directive
2000/60/EC of the European Parliament and of the Council of 23 October
2000, (OJ L 327, 22.12.2000. Available online at: https://eur-lex.europa.eu/
legal-content/EN/TXT/?uri=CELEX:02000L0060-20141120 (accessed March
20, 2020).
Fields, L., and Joye, S. B. (2014). “Multiple modes of nitrate reduction in deep sea
environments of the Gulf of Mexico,” in Proceedings of the AGU Fall Meeting,
San Francisco, CA.
Fisher, C. R., Demopoulos, A. W. J., Cordes, E. E., Baums, I. B., White, H. K., and
Jill, R. B. (2014a). Coral communities as indicators of ecosystem-level impacts
of the Deepwater Horizon spill. Bioscience 64, 796–807. doi: 10.1093/biosci/
biu129
Fisher, C. R., Hsing, P.-Y., Kaiser, C. L., Yoerger, D. R., Roberts, H. H., and Bourque,
J. R. (2014b). Footprint of Deepwater Horizon blowout impact to deep-water
coral communities. Proc. Natl. Acad. Sci. U.S.A. 111, 11744–11749.
Fisher, C. R., Montagna, P. A., and Sutton, T. T. (2016). How did the Deepwater
Horizon oil spill impact deep-sea ecosystems? Oceanography 29, 182–195. doi:
10.5670/oceanog.2016.82
Gallaway, B. J. (ed.) (1988). “Northern Gulf of Mexico Continental Slope Study,
Final Report: Year 4,” in Synthesis Report. Final report submitted to the Minerals
Management Service, Vol. II, (New Orleans, LA: Minerals Management
Service), 318.
Giere, O. (2009). Meiobenthology the Microscopic Motile Fauna of Aquatic
Sediments, 2nd Edn. Berlin: Springer-Verlag.
Girard, F., Cruz, R., Glickman, O., Harpster, T., and Fisher, C. R. (2019). In situ
growth of deep-sea octocorals after the Deepwater Horizon oil spill. Elementa
7:12. doi: 10.1525/elementa.349
Girard, F., and Fisher, C. R. (2018). Long-term impact of the Deepwater Horizon oil
spill on deep-sea corals detected after seven years of monitoring. Biol. Conserv.
225, 117–127. doi: 10.1016/j.biocon.2018.06.028
Girard, F., Shea, K., and Fisher, C. R. (2018). Projecting the recovery of a longlived deep- sea coral species after the Deepwater Horizon oil spill using
state-structured models. J. Appl. Ecol. 55, 1812–1822. doi: 10.1111/1365-2664.
13141
Gore, R. H. (1992). The Gulf of Mexico. (Sarasota, FL: Pineapple Press Inc), 384.
Gunderson, L. H. (2000). Ecological resilience — in theory and application. Annu.
Rev. Ecol. Syst. 31, 425–439.
Haedrich, R. L., Devine, J. A., and Kendall, V. J. (2008). Predictors of species
richness in the deep-benthic fauna of the northern Gulf of Mexico. Deep Sea
Res. II Top. Stud. Oceanogr. 55, 2650–2656.

Alve, E., Korsun, S., Schönfeld, J., Dijkstra, N., Golikova, E., et al. (2016).
Foram-AMBI: a sensitivity index based on benthic foraminiferal faunas from
North-East Atlantic and Arctic fjords, continental shelves and slopes. Mar.
Micropaleontol. 122, 1–12. doi: 10.1016/j.marmicro.2015.11.001
Arrizabalaga, H., de Bruyn, P., Diaz, G. A., Murua, H., Chavance, P., and Delgado
de Molina, A. (2011). Productivity and susceptibility analysis for species caught
in Atlantic tuna fisheries. Aquat. Living Resour. 24, 1–12.
Arvidson, R. S., Morse, J. W., and Joye, S. B. (2004). The sulfur biogeochemistry of
chemosynthetic cold seep communities, Gulf of Mexico, USA. Mar. Chem. 87,
97–119.
Baguley, J., Montagna, P., Cooksey, C., Hyland, J., Bang, H., Morrison, C., et al.
(2015). Community response of deep-sea soft-sediment metazoan meiofauna to
the Deepwater Horizon blowout and oil spill. Mar. Ecol. Prog. Ser. 528, 127–140.
doi: 10.3354/meps11290
Baguley, J. G., Montagna, P. A., Hyde, L. J., Kalke, R. D., and Rowe, G. T. (2006).
Metazoan meiofauna abundance in relation to environmental variables in the
northern Gulf of Mexico deep sea. Deep Sea Res. I Oceanogr. Res. Pap. 53,
1344–1362. doi: 10.1016/j.dsr.2006.05.012
Borja, A., and Muxika, I. (2005). Guidelines for the use of AMBI (AZTI Marine
Biotic Index) in the assessment of the benthic ecological quality. Mar. Pollut.
Bull. 50, 787–789. doi: 10.1016/j.marpolbul.2005.04.040
Borja, A. Å. L., Franco, J., and Muxika, I. (2004a). The biotic indices and the water
framework directive: the required consensus in the new benthic monitoring
tools. Mar. Pollut. Bull. 48, 405–408.
Borja, A. Å. L., Franco, J., Valencia, V., Bald, J., Muxika, I., Belzunce, M. J., et al.
(2004b). Implementation of the European water framework directive from the
Basque country (northern Spain): a methodological approach. Mar. Pollut. Bull.
48, 209–218.
Bowles, M. W., Samarkin, V. A., Bowles, K. M. L., and Joye, S. B. (2010). Weak
coupling between sulfate reduction and the anaerobic oxidation of methane in
methane-rich seafloor sediments in ex situ incubations. Geochim. Cosmochim.
Acta 75, 500–519. doi: 10.1016/j.gca.2010.09.043
Brooks, G. R., Larson, R. A., Schwing, P. T., Romero, I., Moore, C., Reichart,
G. J., et al. (2015). Sediment pulse in the NE Gulf of Mexico following the
2010 DWH blowout. PLoS One 10:e0132341. doi: 10.1371/journal.pone.013
2341
Brunner, C. A., Yeager, K. M., Hatch, R., Simpson, S., Keim, J., Briggs, K. B.,
et al. (2013). Effects of Oil from the 2010 Macondo Well Blowout on Marsh
Foraminifera of Mississippi and Louisiana, USA. Environ. Sci. Technol. 47,
9115–9123. doi: 10.1021/es401943y
Canfield, D. E. (1989). Sulfate reduction and oxic respiration in marine sediments:
implications for organic carbon preservation in euxinic environments. Deep Sea
Res. A Oceanogr. Res. Pap. 36, 121–138.
Chanton, J., Zhao, T., Rosenheim, B. E., Joye, S., Bosman, S., Brunner, C., et al.
(2015). Using natural abundance radiocarbon to trace the flux of petrocarbon
to the seafloor following the Deepwater Horizon oil spill. Environ. Sci. Technol.
49, 847–854. doi: 10.1021/es5046524
Cordes, E. E., Jones, D. O. B., Schlacher, T. A., Amon, D. J., Dunlop, K. M., Escobarbriones, E. G., et al. (2016). Environmental impacts of the deep-water oil and
gas industry: a review to guide management strategies. Front. Mar. Sci. 4:58.
doi: 10.3389/fenvs.2016.00058
Daly, K. L., Passow, U., Chanton, J., and Hollander, D. (2016). Assessing the
impacts of oil associated marine snow formation and sedimentation during and
after the Deepwater Horizon oil spill. Anthropocene 12, 18–33. doi: 10.1016/j.
ancene.2016.01.006
Daly, K. L., Vaz, A. C., and Paris, C. B. (2020). “Chapter 18: Physical processes
influencing the sedimentation and lateral transport of MOSSFA in the NE Gulf
of Mexico,” in Scenarios and Responses to Future Deep Oil Spills: Fighting the
Next War, eds S. A. Murawski, C. Ainsworth, S. Gilbert, D. Hollander, C. B.
Paris, M. Schlüter, et al. (Berlin: Springer), 542.
Danovaro, R. (2010). Methods for the Study of Deep-Sea Sediments, Their
Functioning and Biodiversity. Boca Raton, FL: CRC Press.
Danovaro, R., Fanelli, E., Aguzzi, J., David, B., Cinzia, C., and Smith, C. R.
(2020). Ecological variables for developing a global deep-ocean monitoring and
conservation strategy. Nat. Ecol. Evol. 4, 181–192. doi: 10.1038/s41559-0191091-z

Frontiers in Marine Science | www.frontiersin.org

12

November 2020 | Volume 7 | Article 560012

Schwing et al.

Deepwater Horizon Benthic Synthesis

Hastings, D. W., Schwing, P. T., Brooks, G. R., Larson, R. A., Morford, J. L.,
Roeder, T., et al. (2016). Changes in sediment redox conditions following the
BP DWH Blowout event. Deep Sea Res. II Top. Stud. Oceanogr. 129, 167–178.
doi: 10.1016/j.dsr2.2014.12.009
Holling, C. S. (1973). Resilience and stability of ecological systems. Annu. Rev. Ecol.
Syst. 4, 1–23. doi: 10.1146/annurev.es.04.110173.000245
Holmes, C. W. (1976). Distribution, Regional Variation, and Geochemical
Coherence of Selected Elements in the Sediments of the Central Gulf of Mexico.
Geological Survey Professional Paper 928. Washington, DC: US Government
Printing Office.
Hsing, P.-Y., Fu, B., Larcom, E., Berlet, S. P., Shank, T. M., Govindarajan, A. F.,
et al. (2013). Evidence of lasting impact of the Deepwater Horizon oil spill on
a deep Gulf of Mexico coral community. Elementa 1:000012. doi: 10.12952/
journal.elementa.000012
Jobstvogt, N., Townsend, M., Witte, U., and Hanley, N. (2014). How can we identify
and communicate the ecological value of deep-sea ecosystem services? PLoS
One 9:e100646. doi: 10.1371/journal.pone.0100646
Jorissen, F., Nardelli, M. P., Almogi-Labin, A., Barras, C., Bergamin, L., Bicchi, E.,
et al. (2018). Developing Foram-AMBI for biomonitoring in the Mediterranean:
species assignments to ecological categories. Mar. Micropaleontol. 140, 33–45.
doi: 10.1016/j.marmicro.2017.12.006
Joye, S. B., Boetius, A., Orcutt, B. N., Montoya, J. P., Schulz, H. N., Erickson,
M., et al. (2004). The anaerobic oxidation of methane and sulfate reduction in
sediments from Gulf of Mexico cold seeps. Chem. Geol. 205, 219–238.
Joye, S. B., Bowles, M. W., Samarkin, V. A., Hunter, K. S., and Niemann, H. (2010).
Biogeochemical signatures and microbial activity of different cold seep habitats
along the Gulf of Mexico lower slope. Deep Sea Res. II Top. Stud. Oceanogr. 57,
1990–2001. doi: 10.1016/j.dsr2.2010.06.001
Joye, S. B., and Kostka, J. E. (2020). Microbial Genomics of the Global Ocean
System. American Academy of Microbiology. Colloquium Report. Washington,
DC: American Geophysical Union.
Joye, S. B., MacDonald, I. R., Leifer, I., and Asper, V. (2011). Magnitude and
oxidation potential of hydrocarbon gases released from the BP oil well blowout.
Nat. Geosci. 4, 160–164.
Joye, S. B., Teske, A. P., and Kostka, J. E. (2014). Microbial dynamics following the
Macondo Oil Well Blowout across Gulf of Mexico environments. Bioscience 64,
766–777. doi: 10.1093/biosci/biu121
Kessler, J. D., Valentine, D. L., Redmond, M. C., Du, M., Chan, E. W., Mendes, S. D.,
et al. (2011). A persistent oxygen anomaly reveals the fate of spilled methane in
the deep Gulf of Mexico. Science 331, 312–315.
Kittredge, J. S. (1973). The Effects of Crude Oil Pollution on the Behavior of Marine
Invertebrates. Duarte, CA: City of Hope National Medical Center, 1–14.
Kleindienst, S., Grim, S., Sogin, M., Bracco, A., Melitza, C. M., and Joye, S. B.
(2016). Diverse, rare microbial taxa responded to the Deepwater Horizon
deep-sea hydrocarbon plume. ISME J. 10, 400–415. doi: 10.1038/ismej.2015.121
Kostka, J., Joye, S. B., and Colwell, R. R. (2020). Deepwater Horizon and the rise of
the omics. Eos 101, 1–11. doi: 10.1029//2020EO140140
Lange, H. J. D., Sala, S., Vighi, M., and Faber, J. H. (2010). Ecological vulnerability in
risk assessment — a review and perspectives. Sci. Total Environ. 408, 3871–3879.
doi: 10.1016/j.scitotenv.2009.11.009
Larson, R. A., Brooks, G. R., Schwing, P. T., Carter, S., and Hollander, D. J. (2018).
High resolution investigation of event-driven sedimentation: Northeastern
Gulf of Mexico. Anthropocene 24, 40–50. doi: 10.1016/j.ancene.2018.
11.002
Lei, Y. L., Li, T. G., Bi, H., Cui, W. L., Song, W. P., Li, J. Y., et al. (2015). Responses
of benthic foraminifera to the 2011 oil spill in the Bohai Sea, PR China. Mar.
Pollut. Bull. 96, 245–260. doi: 10.1016/j.marpolbul.2015.05.020
Levin, L. A., and Dayton, P. K. (2009). Ecological theory and continental margins:
where shallow meets deep. Trends Ecol. Evol. 24, 606–617. doi: 10.1016/j.tree.
2009.04.012
Limouzy-Paris, C., McGowan, M. F., Richards, R. J., Umaran, J. P., and Cha, S. S.
(1994). Diversity of fish larvae in the Florida keys: results from SEFCAR. Bull.
Mar. Sci. 54, 857–870.
Lindo-Atichati, D., Paris, C. B., Le Hénaff, M., Schedler, M., Valladares Juárez,
A. G., and Müller, R. (2016). Simulating the effects of droplet size, high-pressure
biodegradation, and variable flow rate on the subsea evolution of deep plumes
from the Macondo blowout. Deep Sea Res. Part II Top. Stud. Oceanogr. 129,
301–310. doi: 10.1016/j.dsr2.2014.01.011

Frontiers in Marine Science | www.frontiersin.org

Locker, S., and Hine, A. C. (2020). “An overview of the geologic origins of
hydrocarbons and production trends in the Gulf of Mexico,” in Scenarios and
Responses to Future Deep Oil Spills – Fighting the Next War, Chap. 4, eds S. A.
Murawski, C. Ainsworth, S. Gilbert, D. Hollander, C. B. Paris, M. Schlüter, et al.
(Cham: Springer).
Love, M., Baldera, A., Robbins, C., Spies, R. B., and Allen, J. R. (2015). Charting the
Gulf: Analyzing the Gaps in Long-Term Monitoring of the Gulf of Mexico. New
Orleans, LA: Ocean Conservancy.
MacDonald, I. R., Beet, A., Daneshgar, S. A., Feng, L., Graettinger, G., and FrenchMcCay, D. (2015). Natural and unnatural oil slicks in the Gulf of Mexico.
J. Geophys. Res. Oceans 120, 8364–8380. doi: 10.1002/2015JC011062
Machain-Castillo, M. L., Ruiz-fernández, A. C., Gracia, A., Sanchez-cabeza, J. A.,
Rodríguez-ramírez, A., Alexander-Valdés, H. M., et al. (2019). Natural and
anthropogenic oil impacts on benthic foraminifera in the southern Gulf of
Mexico. Mar. Environ. Res. 149, 111–125. doi: 10.1016/j.marenvres.2019.06.006
Mann, D. A., Bowers-Altman, J., and Rountree, R. A. (1997). Sounds produced by
the striped cusk-eel Ophidion marginatum (Ophidiidae) during courtship and
spawning. Copeia 1997, 610–612.
Mason, O. U., Scott, N. M., Gonzalez, A., Robbins-Pianka, A., Bælum, J., Kimbrel,
J., et al. (2014). Metagenomics reveals sediment microbial community response
to Deepwater Horizon oil spill. ISME J. 8, 1464–1475. doi: 10.1038/ismej.20
13.254
Mcclain, C. R., Nunnally, C., and Benfield, M. C. (2019). Persistent and substantial
impacts of the Deepwater Horizon oil spill on deep-sea megafauna. R. Soci.
Open Sci. 6:191164. doi: 10.1098/rsos.191164
McKinney, L., Besonen, M., and Withers, K. (2019). Proceedings: The Gulf of
Mexico Workshop on International Research. Final Report. New Orleans, LA:
US. Department of the Interior.
McNutt, M. K., Camilli, R., Crone, T. J., Guthrie, G. D., Hsieh, P. A., Ryerson, T. B.,
et al. (2012). Review of flow rate estimates of the Deepwater Horizon oil spill.
Proc. Natl. Acad. Sci. U.S.A. 109, 20260–20267. doi: 10.1073/pnas.1112139108
Mojtahid, M., Jorissen, F., Durrieu, J., Galgani, F., Howa, H., Redois, F., et al.
(2006). Benthic foraminifera as bio-indicators of drill cutting disposal in
tropical east Atlantic outer shelf environments. Mar. Micropaleontol. 61, 58–75.
Montagna, P., Baguley, J. G., Cooksey, C., Hartwell, I., Hyde, L. J., Hyland, J. L.,
et al. (2013). Deep-sea benthic footprint of the Deepwater Horizon blowout.
PLoS One 8:e70540. doi: 10.1371/journal.pone.0070540
Montagna, P. A., Baguley, J. G., Cooksey, C., and Hyland, J. L. (2017a). Persistent
impacts to the deep soft-bottom benthos one year after the Deepwater Horizon
event. Integr. Environ. Assess. Manage. 13, 342–351. doi: 10.1002/ieam.1791
Montagna, P. A., Baguley, J. G., Hsiang, C. Y., and Reuscher, M. G. (2017b).
Comparisons of sampling methods for deep-sea infauna. Limnol. Oceanogr.
Methods 15, 166–183. doi: 10.1002/ieam.1791
Montagna, P. A., and Girard, F. (2020). “Deep-sea benthic faunal impacts and
community evolution before, during and after the Deepwater Horizon event,” in
Deep Oil Spills: Facts, Fate, Effects, eds S. A. Murawski, C. Ainsworth, S. Gilbert,
D. Hollander, C. B. Paris, M. Schlüter, et al. (Cham: Springer).
Morvan, J., Le Cadre, V., Jorissen, F. J., and Debenay, J. P. (2004). Foraminifera as
potential bio-indicators of the “Erika” oil spill in the Bay of Bourgneuf: field and
experimental studies. Aquat. Living Resour. 17, 317–322.
Murawski, S. A., Hollander, D. J., Gilbert, S., and Gracia, A. (2020). “Deep-water
oil and gas production in the Gulf of Mexico, and related global trends,” in
Scenarios and Responses to Future Deep Oil Spills – Fighting the Next War, eds
S. A. Murawski, C. Ainsworth, S. Gilbert, D. Hollander, C. B. Paris, M. Schlüter,
et al. (Cham: Springer).
Nelson, J., Wilson, R., Coleman, F., Koenig, C., DeVries, D., Gardner, C., et al.
(2012). Flux by fin: fish mediated carbon and nutrient flux in the northeastern
Gulf of Mexico. Mar. Biol. 159, 365–372. doi: 10.1007/s00227-011-1814-4
Oil Pollution Act [OPA] (1990). Bill Summary & Status - 101st Congress (1989
- 1990) - H.R.1465 - THOMAS (Library of Congress). Available online at:
Thomas.loc.gov (accessed March 19, 2020).
O’Malley, B. J., Schwing, P. T., Martinez-Colon, M. M., Spezzaferri, S., Larson,
R. A., Brooks, G. R., et al. (2020). “Development of a benthic foraminifera
based marine biotic index for the Gulf of Mexico,” in Proceedings of the 2020
Gulf of Mexico Oil Spill and Ecosystem Science Conference, Session OS-020-011,
Tampa, FL.
Open Ocean Trustee Implementation Group [OOTIG] (2019). Deepwater
Horizon Oil Spill Natural Resource Damage Assessment, Open Ocean Trustee

13

November 2020 | Volume 7 | Article 560012

Schwing et al.

Deepwater Horizon Benthic Synthesis

Implementation Group, Draft Restoration Plan 2/ Environmental Assessment:
Fish, Sea Turtles, Marine Mammals, and Mesophotic and Deep Benthic
Communities. Atlanta, GA: OOTIG.
Orcutt, B. N., Lapham, L. L., Delaney, J., Sarode, N., Marshall, K. S., WhaleyMartin, K. J., et al. (2017). Microbial response to oil enrichment in Gulf of
Mexico sediment measured using a novel long-term benthic lander system.
Elementa 5:18. doi: 10.1525/elementa.129
Overholt, W. A., Schwing, P., Raz, K. M., Hastings, D., Hollander, D. J., and
Kostka, J. E. (2019). The core sea floor microbiome in the Gulf of Mexico is
remarkably consistent and shows evidence of recovery from disturbance caused
by major oil spills. Environ. Microbiol. 21, 4316–4329. doi: 10.1111/1462-2920.
14794
Paris, C. B., Le Hénaff, M., Aman, Z. M., Subramaniam, A., Helgers, J., and Wang,
D. P. (2012). Evolution of the Macondo Well Blowout: simulating the effects of
the circulation and synthetic dispersants on the subsea oil transport. Environ.
Sci. Technol. 46, 13293–13302. doi: 10.1021/es303197h
Parker, K. R., and Wiens, J. A. (2005). Assessing recovery following environmental
accidents: environmental variation, ecological assumptions, and strategies. Ecol.
Appl. 15, 2037–2051.
Passow, U. (2014). Formation of rapidly-sinking, oil-associated marine snow. Deep
Sea Res. II Top. Stud. Oceanogr. 129, 232–240. doi: 10.1016/j.dsr2.2014.10.001i
Passow, U., and Ziervogel, K. (2016). Marine snow sedimented oil released during
the Deepwater Horizon spill. Oceanography 29, 118–125. doi: 10.5670/oceanog.
2016.76
Passow, U., Ziervogel, K., Asper, V., and Diercks, A. (2012). Marine snow formation
in the aftermath of the Deepwater Horizon oil spill in the Gulf of Mexico.
Environ. Res. Lett. 7:035301.
Pequengnat, W. E., Gallaway, B. J., and Pequegnat, L. H. (1990). Aspects of the
ecology of the deep-water fauna of the Gulf of Mexico. Am. Zool. 30, 45–64.
Perlin, N., Paris, C. B., Berenshtein, I., Vaz, A. C., Faillettaz, R., Aman, Z. M., et al.
(2020). “Chapter 11: Far-field modeling of deep-sea blowout: sensitivity studies
of initial conditions, biodegradation, sedimentation and SSDI on surface slicks
and oil plume concentrations,” in Deep Oil Spills: Facts, Fate, Effects, eds S. A.
Murawski, C. Ainsworth, S. Gilbert, D. Hollander, C. B. Paris, M. Schlüter, et al.
(Cham: Springer), 173–195.
Peterson, C. H., Rice, S. D., Short, J. W., Esler, D., Bodkin, J. L., Ballachey, B. E., et al.
(2003). Long-term ecosystem response to the Exxon Valdez oil spill. Science 302,
2082–2087.
Powell, S. M., Haedrich, R. L., and McEachran, J. D. (2017). The deep-sea demersal
fish fauna of the Northern Gulf of Mexico. J. Northwest Atl. Fish. Sci. 31, 19–33.
doi: 10.2960/J.v31.a2
Prouty, N. G., Fisher, C. R., Demopoulos, A. W. J., and Druffel, E. R. M. (2016).
Growth rates and ages of deep-sea corals impacted by the Deepwater Horizon
oil spill. Deep Sea Res. II Top. Stud. Oceanogr. 129, 196–212. doi: 10.1016/j.dsr2.
2014.10.021
Quigg, A., Passow, U., Daly, K. L., Burd, A., Hollander, D. J., Schwing, P. T., et al.
(2020). “Marine oil snow sedimentation and flocculent accumulation events:
past and present,” in Deep Oil Spills: Facts, Fate, Effects, Chap. 12, eds S. A.
Murawski, C. Ainsworth, S. Gilbert, D. Hollander, C. B. Paris, M. Schlüter, et al.
(Cham: Springer).
Ramirez-Llodra, E., Brandt, A., Danovaro, R., DeMol, B., Escobar, E., German,
C. R., et al. (2010). Deep, diverse and definitely different: unique attributes of the
world’s largest ecosystem. Biogeosciences 7, 851–852. doi: 10.5194/bg-7-28512010
Ramirez-Llodra, E., Tyler, P. A., Baker, M. C., Bergstad, O. A., Clark, M. R., Escobar,
E., et al. (2011). Man and the last great wilderness: human impact on the deep
sea. PLoS One 6:e22588. doi: 10.1371/journal.pone.0022588
Rees, H. L., Boyd, E., Schratzberger, M., and Murray, L. A. (2006). Role of benthic
indicators in regulating human activities at sea. Environ. Sci. Policy 9, 496–508.
doi: 10.1016/j.envsci.2006.04.002
Reid, D. (2014). Deepwater Gulf of Mexico Emerging Plays: The Basin that
Continues to Deliver. Available online at: https://s3.amazonaws.com/
images.hartenergy.com/Interactive+Article/Offshore+Optimism/docs/Shell%
20Americas-Emerging%20Plays-Oct14.pdf.
Retzer, M. E. (1991). Life-history aspects of four species of Cusk-Eels (Ophidiidae:
Ophidiiformes) from the Northern Gulf of Mexico. Copeia 3, 703–710.
Reuscher, M. G., Baguley, J. G., Conrad-Forrest, N., Cooksey, C., Hyland, J. L.,
Lewis, C., et al. (2017). Temporal patterns of the Deepwater Horizon impacts

Frontiers in Marine Science | www.frontiersin.org

on the benthic infauna of the northern Gulf of Mexico continental slope. PLoS
One 12:e0179923. doi: 10.1371/journal.pone.0179923
Rivas, D., Badan, A., and Ochoa, J. (2005). The ventilation of the deep Gulf of
Mexico. J. Phys. Oceanogr. 35, 1763–1781.
Romero, I. C., Schwing, P. T., Brooks, G. R., Larson, R. A., Hastings, D. W.,
Ellis, G., et al. (2015). Hydrocarbons in deep-sea sediments following the
2010 Deepwater Horizon Blowout in the Northeast Gulf of Mexico. PLoS One
10:e0128371. doi: 10.1371/journal.pone.0128371
Romero, I. C., Toro-Farmer, G., Diercks, A. R., Schwing, P. T., Muller-Karger,
F., Murawski, S., et al. (2017). Large scale deposition of weathered oil in the
Gulf of Mexico following a deepwater oil spill. Environ. Pollut. 228, 179–189.
doi: 10.1016/j.envpol.2017.05.019
Rowe, G. T. (2017). “CHAPTER 7 OFFSHORE PLANKTON AND BENTHOS
OF THE GULF OF MEXICO,” in Habitats and Biota of the Gulf of Mexico:
Before the Deepwater Horizon Oil Spill, ed. C. H. Ward (Berlin: Springer).
doi: 10.1007/978-1-4939-3447-8_7
Rowe, G. T., Cruz Kaegi, M. E., Morse, J. W., Boland, G. S., and Escobar-Briones,
E. G. (2002). Sediment community metabolism associated with continental
shelf hypoxia, Northern Gulf of Mexico. Estuaries 25, 1097–1106.
Rowe, G. T., and Kennicutt, M. C. II (2009). Northern Gulf of Mexico Continental
Slope Habitats and Benthic Ecology Study: Final Report. (New Orleans, LA: US.
Department of the Interior), 456.
Rowe, G. T., and Kennicutt, M. C. (2008). Introduction to the Deep Gulf of Mexico
Benthos program. Deep Sea Res. II Top. Stud. Oceanogr. 55, 2536–2540.
Ryabinin, V., Barbière, J., Haugan, P., Kullenberg, G., Smith, N., McLean, C., et al.
(2019). The UN decade of ocean science for sustainable development. Front.
Mar. Sci. 6:470. doi: 10.3389/fmars.2019.00470
Schroeder, W. W., Berner, L. Jr., and Nowlin, W. D. Jr. (1974). The Oceanic Waters
of the Gulf of Mexico and Yucatan Strait During July 1969. Bull. Mar. Sci. 24,
1–19.
Schwing, P. T., Brooks, G. R., Larson, R. A., Holmes, C. W., O’Malley, B. J., and
Hollander, D. J. (2017a). Constraining the spatial extent of the Marine Oil
Snow Sedimentation and Accumulation (MOSSFA) following the DWH event
using a 210Pbxs inventory approach. Environ. Sci. Technol. 51, 5962–5968.
doi: 10.1021/acs.est.7b00450
Schwing, P. T., Chanton, J. P., Romero, I. C., Hollander, D. J., Goddard, E. A.,
Brooks, G. R., et al. (2018b). Tracing the incorporation of petroleum carbon into
benthic foraminiferal calcite following the Deepwater Horizon event. Environ.
Pollut. 237, 424–429. doi: 10.1016/j.envpol.2018.02.066
Schwing, P. T., Hollander, D. J., Brooks, G. R., Larson, R. A., Hastings, D. W.,
Chanton, J. P., et al. (2020a). “The sedimentary record of MOSSFA events in
the Gulf of Mexico: a comparison of the Deepwater Horizon (2010) and Ixtoc
1 (1979) oil spills (Chap.13),” in Deep Oil Spills: Facts, Fate, Effects, eds S. A.
Murawski, C. Ainsworth, S. Gilbert, D. Hollander, C. B. Paris, M. Schlüter, et al.
(Cham: Springer).
Schwing, P. T., and Machain-Castillo, M. L. (2020). “Impact and resilience of
benthic foraminifera in the aftermath of the Deepwater Horizon and Ixtoc 1
oil spills (Chap. 23),” in Deep Oil Spills: Facts, Fate, Effects, eds S. A. Murawski,
C. Ainsworth, S. Gilbert, D. Hollander, C. B. Paris, M. Schlüter, et al. (Cham:
Springer).
Schwing, P. T., Montagna, P. A., Machain-Castillo, M. L., Escobar-Briones, E., and
Rohal, M. (2020b). “Benthic faunal baselines in the Gulf of Mexico: a precursor
to evaluate future impacts (Chap. 6),” in Scenarios and Responses to Future Deep
Oil Spills – Fighting The Next War, eds S. A. Murawski, C. Ainsworth, S. Gilbert,
D. Hollander, C. B. Paris, M. Schlüter, et al. (Cham: Springer).
Schwing, P. T., O’Malley, B. J., and Hollander, D. J. (2018A). Resilience of Benthic
Foraminifera in the Northern Gulf of Mexico Following the Deepwater Horizon
Event (2011-2015). Ecol. Indic. 84, 753–764. doi: 10.1016/j.ecolind.2017.
09.044
Schwing, P. T., O’Malley, B. J., Romero, I. C., Martinez-Colon, M., Hastings,
D. W., Glabach, M. A., et al. (2017B). Characterizing the variability of benthic
foraminifera in the northeastern Gulf of Mexico following the Deepwater
Horizon event (2010-2012). Environ. Sci. Pollut. Res. 24, 2754–2769. doi: 10.
1007/s11356-016-7996-z
Schwing, P. T., Romero, I. C., Brooks, G. R., Hastings, D. W., Larson, R. A.,
and Hollander, D. J. (2015). A Decline in Benthic Foraminifera following the
Deepwater Horizon Event in the Northeastern Gulf of Mexico. PLoS One
10:e0120565. doi: 10.1371/journal.pone.0120565

14

November 2020 | Volume 7 | Article 560012

Schwing et al.

Deepwater Horizon Benthic Synthesis

Rowe, G. T., Kaegi, M. E. C., Morse, J. W., Boland, G. S., and Briones, E. G. E.
(2002). Sediment community metabolism associated with continental shelf
hypoxia, northern Gulf of Mexico. Estuaries 25, 1097–1106.
Shiells, G. M., and Anderson, K. J. (1985). Pollution monitoring using the
nematode/copepod ratio. A practical application. Mar. Pollut. Bull. 16, 62–68.
doi: 10.1016/0025-326X(85)90125-0
Silva, M., Etnoyer, P. J., and Macdonald, I. R. (2015). Coral injuries observed
at Mesophotic Reefs after the Deepwater Horizon oil discharge. Deep
Sea Res. II Top. Stud. Oceanogr. 129, 96–107. doi: 10.1016/j.dsr2.2015.
05.013
Stout, S. A., and German, C. R. (2017). Characterization and flux of marine oil
snow settling toward the seafloor in the northern Gulf of Mexico during the
Deepwater Horizon incident: evidence for input from surface oil and impact
on shallow shelf sediments. Mar. Pollut. Bull. 129, 695–713. doi: 10.1016/j.
marpolbul.2017.10.059
Thurber, A. R., Sweetman, A. K., Narayanaswamy, B. E., Jones, D. O. B., Ingels,
J., and Hansman, R. L. (2014). Ecosystem function and services provided
by the deep sea. Biogeosciences 11, 3941–3963. doi: 10.5194/bg-11-39412014
US District Court (2015). District Court Findings of Facts and Conclusions of Law
- Phase 2 Trial. Case 2:10-md-02179-CJB-SS.
Valentine, D. L., Fisher, G. B., Bagby, S. C., Nelson, R. K., Reddy, C. M., and Sylva,
S. P. (2014). Fallout plume of submerged oil from Deepwater Horizon. Proc.
Natl. Acad. Sci. U.S.A. 111, 15906–15911. doi: 10.1073/pnas.1414873111
Valentine, M. M., and Benfield, M. C. (2013). Characterization of epibenthic and
demersal megafauna at Mississippi Canyon 252 shortly after the Deepwater
Horizon oil spill. Mar. Pollut. Bull. 77, 196–209. doi: 10.1016/j.marpolbul.2013.
10.004
Vidal, V. M. V., Vidal, F. V., Hernández, A. F., Meza, E., and Zambrano, L. (1994).
Winter water mass distributions in the western Gulf of Mexico affected by
colliding anticyclonic ring. J. Oceanogr. 50, 559–588.
Walker, B., Holling, C. S., Carpenter, S. R., and Kinzig, A. (2004). Resilience,
adaptability and transformability in social–ecological systems. Ecol. Soc. 9:5.
doi: 10.5751/ES-00650-090205
Ward, C. H., and Tunnell, J. W. (2017). “Habitats and biota of the gulf of mexico:
an overview,” in Habitats and Biota of the Gulf of Mexico: Before the Deepwater
Horizon Oil Spill, ed. C. Ward (New York, NY: Springer).
Washburn, T., Reuscher, M. G., Montagna, P. A., Cooksey, C., and Hyland, J. L.
(2017). Macrobenthic community structure in the deep Gulf of Mexico one year
after the Deepwater Horizon blowout. Deep Sea Res. I Oceanogr. Res. Pap. 127,
21–30. doi: 10.1016/j.dsr.2017.06.001

Frontiers in Marine Science | www.frontiersin.org

Washburn, T., Rhodes, A. C. E., and Montagna, P. A. (2016). Benthic taxa as
potential indicators of a deep-sea oil spill. Ecol. Indic. 71, 587–597. doi: 10.1016/
j.ecolind.2016.07.045
Westrich, J., Storo, R., and Joye, S. B. (2020). “A synoptic eight-year analysis of
microbial community associated with marine oil snow deposits in the gulf of
mexico since the deepwater horizon spill. Published Abstract,” in Proceedings of
the 2020 Gulf of Mexico Oil Spill and Ecosystem Science Conference, Tampa, FL.
White, H. K., Hsing, P. Y., Cho, W., Shank, T. M., Cordes, E. E., Quattrinni,
A. M., et al. (2012). Impact of the Deepwater Horizon oil spill on a deepwater coral community in the Gulf of Mexico. Proc. Natl. Acad. Sci. U.S.A. 109,
20303–20308. doi: 10.1073/pnas.1118029109
White, H. K., Lyons, S. L., Harrison, S. J., Findley, D. M., Liu, Y., and Kujawinski,
E. B. (2014). Long-term persistence of dispersants following the Deepwater
Horizon oil spill. Environ. Sci. Technol. Lett. 1, 295–299. doi: 10.1021/ez500168r
Yang, B., Passow, U., Chanton, J. P., Nöthig, E., Asper, V., and Sweet, J. (2016).
Sustained deposition of contaminants from the Deepwater Horizon spill. Proc.
Natl. Acad. Sci. U.S.A. 113, E3332–E3340. doi: 10.1073/pnas.1513156113
Yang, T., Nigro, L. M., Gutierrez, T., Ambrosio, L. D., Joye, S. B., Highsmith, R.,
et al. (2016a). Pulsed blooms and persistent oil-degrading bacterial populations
in the water column during and after the Deepwater Horizon blowout. Deep Sea
Res. II Top. Stud. Oceanogr. 129, 282–291. doi: 10.1016/j.dsr2.2014.01.014
Yang, T., Speare, K., McKay, L., MacGregor, B. J., Joye, S. B., and Teske, A. (2016b).
Distinct bacterial communities in surficial seafloor sediments following the
2010 Deepwater Horizon Blowout. Front. Microbiol. 7:1384. doi: 10.3389/fmicb.
2016.01384
Ziervogel, K., Mckay, L., Rhodes, B., Osburn, C. L., Dickson-Brown, J., Arnosti, C.,
et al. (2012). Microbial activities and dissolved organic matter dynamics in oilcontaminated surface seawater from the Deepwater Horizon oil spill site. PLoS
One 7:e34816. doi: 10.1371/journal.pone.0034816
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Schwing, Montagna, Joye, Paris, Cordes, McClain, Kilborn and
Murawski. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

15

November 2020 | Volume 7 | Article 560012

